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ABSTRACT
Objective: To assess the sensitivity and specificity of 3D double inversion recovery (DIR) MRI for
detecting multiple sclerosis (MS) cortical lesions (CLs) using a direct postmortem MRI to histopa-
thology comparison.
Methods: Single-slab 3D DIR and 3D fluid-attenuated inversion recovery (FLAIR) images of 56
matched fresh brain samples from 14 patients with chronic MS were acquired at 1.5 T. The
images of both sequences were prospectively scored for CLs in consensus by 3 experienced
raters who were blinded to histopathology and clinical data. Next, CLs were identified histopatho-
logically and were scored again on 3D DIR and 3D FLAIR (retrospective scoring). CLs were classi-
fied as intracortical or mixed gray matter (GM)–white matter lesions. Deep GM lesions were also
scored. False-positive scores were noted and, from this, specificity was calculated.
Results:We found a sensitivity for 3DDIR to detect MSCLs of 18%, which is 1.6-fold higher than
3D FLAIR (improves to 37% with retrospective scoring; 2.0-fold higher than 3D FLAIR). We de-
tected mixed GM–white matter lesions with a sensitivity of 83% using 3D DIR (65% sensitivity
for 3D FLAIR), which improved to 96% upon retrospective scoring (91% for 3D FLAIR). For
purely intracortical lesions, 3D DIR detected more than 2-fold more than 3D FLAIR (improved to
3-fold upon retrospective scoring). The specificity of 3D DIR to MS CLs was found to be 90%.
Conclusions: In this postmortem verification study, we have shown that 3DDIR is highly patholog-
ically specific, and more sensitive to CLs than 3D FLAIR in MS. Neurology® 2012;78:302–308
GLOSSARY
BSA  bovine serum albumin; CL  cortical lesion; DIR  double inversion recovery; FLAIR  fluid-attenuated inversion
recovery;GM graymatter;MSmultiple sclerosis;NEX number of excitations; PBS phosphate-buffered saline; PLP
proteolipid protein; TE echo time; TI inversion time; TR repetition time; WMwhite matter.
Cortical lesions (CLs) are thought to contribute significantly to disease severity in multiple
sclerosis (MS),1–5 and dominate disease pathology in the progressive phase.6 Therefore, reliable
in vivo detection of CLs is crucial.
Conventional MRI pulse sequences were found to largely miss cortical MS lesions7,8 and even
with the use of newerMRI techniques such as fluid-attenuated inversion recovery (FLAIR),7,9–11 CL
detection remained suboptimal. With the introduction of double inversion recovery (DIR) MRI,
which simultaneously suppresses the signals from white matter (WM) and CSF,12–14 a substantial
increase of MRI-detected CLs in patients with MS was found when compared to more conven-
tional sequences.15,16 Subsequently, several cross-sectional and longitudinal DIR studies showed that
CLs are associated with increased clinical, especially cognitive, impairment in MS.4,17–21
A drawback of DIR as an imaging technique is its poor signal-to-noise ratio and the presence
of flow and pulsation artifacts in 2D sequences.12–14,22 An improvement can be obtained with
3D single-slab methods, although the signal-to-noise ratio generally remains low.23 Together
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with regional variations in gray matter (GM)
signal intensity23 this may introduce difficulties
when scoring cortical MS lesions. Recently, in-
ternational consensus recommendations for CL
scoring with 3D DIR were introduced,24 but
sensitivity and pathologic specificity of 3D DIR
have never been formally assessed by compari-
son to the gold standard of histopathology.
In the current study we aimed to verify CL
scoring on postmortem 3D DIR images by
directly comparing them to histopathology.
This way, sensitivity and specificity of 3D
DIR as a technique could be determined.
METHODS Patients and autopsy. For this study, 40 brain
slices of 14 patients with chronic MS were studied after rapid au-
topsy. Patients’ characteristics are shown in table 1. As part of the
MSCenter Amsterdam autopsy protocol, areas of interest are gener-
ally sampled from a maximum of 5 coronally cut brain slices, under
guidance of postmortem T2-weighted MRI.25 As T2-weighted
scans are usually not helpful in detecting GM lesions,7 GM areas of
interest were selected randomly from the slices for the current study.
A total of 60 cortical areas and 8 deep GM areas were selected and
used for further histopathologic examination.
Standard protocol approvals, registrations, and patient
consents. Ethics approval was obtained from the institutional
ethics review board. Prior to death, all donors were registered at
the Netherlands Brain Bank, Amsterdam, the Netherlands, and
all donors gave written informed consent for the use of their
tissue and medical records for research purposes.
Postmortem MRI. Single-slab 3D FLAIR images (repetition
time [TR]/echo time [TE]/inversion time [TI]/number of exci-
tations [NEX] 6,500/355/2,200/1; echo train length 191; mea-
sured voxel size 1.1  1.1  1.3 mm3) and 3D DIR images
(TR/TE/TI1/TI2/NEX 6,500/355/2,350/350/1; echo train
length 191; measured voxel size 1.1  1.1  1.3 mm3) of selected
brain slices were acquired using a whole body 1.5 T magnetic
resonance system (Sonata and Avanto, Siemens Medical Sys-
tems, Erlangen, Germany) by using a standard circularly polar-
ized head coil (Sonata) or a 12-channel phased-array head coil
(Avanto).
Histopathology and immunohistochemistry. After MRI,
we selected a total of 68 tissue samples containing GM. The
samples were fixed in 10% formalin and subsequently embedded
in paraffin. Of these samples, 5-m-thick sections were cut,
mounted onto glass slides (Superfrost, VWR international, Leu-
ven, Belgium), and dried overnight at 37°C. Sections were
deparaffinized in a series of xylene, 100% ethanol, 96% ethanol,
70% ethanol, and water. Endogenous peroxidase activity was
blocked by incubating the sections in methanol with 0.3%
H2O2 for 30 minutes. After this, the sections were 3  10 min-
utes rinsed with 0.01 mol/L phosphate-buffered saline (PBS, pH
7.4). Then, sections were incubated with antiproteolipid protein
(PLP; mouse IgG2a; 1:3,000; Serotec, Oxford, UK) diluted in
PBS containing 1% bovine serum albumin (BSA; Roche Diagnos-
tics, Mannheim, Germany) for 1 hour. Bound primary antibodies
were detected using EnVision horseradish peroxidase complex
(DAKOCytomation,Glostrup,Denmark) and 3,3diaminobenzidine-
tetrahydrochloridedihydrate (DAB) was used as a chromogen. Sections
were counterstained with hematoxylin.
Matching and analysis. Cortical and deep GM lesions were
scored (in consensus by A.S., S.D.R., and J.J.G.G.) on all 3D
DIR and 3D FLAIR images which were viewed in a randomized
fashion, and readers were blinded to histopathology and clinical
information (i.e., prospective scoring). To avoid bias toward
scoring in the sampled areas, CLs were assessed throughout the
entire MRI of the brain slices, and thus before matching of se-
lected tissue samples to the postmortem MRI. CLs were defined
based on prior experience with scorings of cortical GM lesions in
in vivo studies using different magnetic field strengths,4,16,26,27
and was consistent with the recently published consensus recom-
mendations.24 Among other points, these guidelines offer a scor-
ing strategy to avoid mistaking CLs for cortical vasculature or
artifacts caused by magnetic field inhomogeneities.
For the histopathologic scoring, we classified CLs as mixed
WM-GM lesions (type I lesions) or purely intracortical lesions.
Intracortical lesions included type II lesions (small, round intra-
cortical lesions), type III or subpial lesions, and type IV lesions,
which affect the entire width of the cortex.28 The pathology
reader (E.-J.K.) scored cortical lesion types and numbers in PLP-
stained tissue sections and was blinded to MRI and clinical data.
Deep GM lesions were also scored.
After separate prospective MRI and histopathology scorings,
PLP-stained tissue sections were carefully matched to the corre-
sponding plane of the 3D DIR and 3D FLAIR images. Match-
ing was performed as described previously.29 For an example of
successfully matched tissue samples, see figure 1. After the
blinded, prospective scoring of the postmortem MRI and the
tissue-to-MRI matching, only those lesions that were present in
brain areas sampled at autopsy were taken into account, and
were used for further (retrospective) analysis. After histopathol-
ogy scores had been made available to the MRI readers, a second,
retrospective, unblinded scoring was performed, within the same
areas from which tissue was sampled at autopsy. The sensitivity
of the MRI sequences for detecting GM lesions was determined
by dividing the number of lesions scored in the prospective or
retrospective ratings by the number of lesions assessed on histo-
pathology, times 100%. The specificity of the different MRI
Table 1 Patient demographics
Patient/sex/
age, y
Postmortem
delay, h:min
Disease
duration, y
Disease
type Cause of death
1/F/47 4:25 16 SPMS Rectum carcinoma
2/M/50 5:25 17 PPMS Pulmonary carcinoma
3/F/66 6:00 23 SPMS Unknown
4/M/55 6:20 32 SPMS Respiratory insufficiency
5/M/61 9:15 19 SPMS Euthanasia
6/F/40 9:00 9 RRMS Hypovolemic shock
7/M/45 7:45 19 SPMS Cardiac arrest
8/M/72 7:55 13 SPMS Pneumonia
9/M/50 9:30 24 SPMS Unknown
10/M/76 7:35 44 SPMS Cardiovascular accident
11/M/44 12:00 14 PPMS Pneumonia
12/M/66 7:30 26 PPMS Unknown
13/M/57 7:55 25 SPMS Euthanasia
14/F/88 7:55 25 SPMS Cardiorespiratory insufficiency
Abbreviations: SPMS secondary progressive multiple sclerosis.
Neurology 78 January 31, 2012 303
sequences was determined as follows: 100%  ([the number of
false-positive scorings, i.e., hyperintensities on MRI without a
corresponding lesion in histopathology/false-positives  total
number of true CLs detected with 3D DIR or 3D FLAIR] 
100%). To assess relative gain or loss of lesions detected on 3D
DIR vs 3D FLAIR, relative comparisons of lesion counts on
these sequences were expressed as percentages, i.e. ([lesions de-
tected by 3D DIR  lesions detected by 3D FLAIR]/lesions
detected by 3D FLAIR)  100%. Statistical analyses were per-
formed using SPSS 15.0 for Windows (SPSS, Inc., Chicago, IL).
RESULTS In total, we sampled 68 tissue samples con-
taining GM under guidance of postmortem MRI for
further histopathologic analysis. Of these samples, we
discarded 12 due to suboptimal matching with MRI
(resulting from tissue processing, i.e., distortion and de-
hydration of the tissue or from a priori obvious partial
volume artifacts), resulting in a final set of 56 samples of
14 patients with chronicMS.Of this final set, 8 samples
were deep GM and 48 samples contained cortical GM.
Results of histopathology and MRI ratings are
shown in table 2 and figure 1. In total, we identified
211 GM lesions on the PLP-stained tissue sections,
consisting of 175 purely intracortical lesions (types
Figure 1 Examples of postmortemMRI at 1.5 T, with corresponding histopathology
(A, D, G, J) Proteolipid protein (PLP) stained tissue sections; dotted lines indicate borders between white and gray matter;
cortical lesions are encircled by thin black lines. (B, E, H, K) Postmortem 3D double inversion recovery (DIR) images corre-
sponding with the tissue sections. (C, F, I, L) Corresponding 3D fluid-attenuated inversion recovery (FLAIR) images. (A–C)
Multiple sclerosis (MS) cortex with rather inhomogeneous signal intensity on MRI, but without any demyelinated lesions.
The bright signal indicated by the arrowheads (B, C) is caused by blood and other fluid within the sulci, which should not be
mistaken for subpial (type III) cortical pathology. (D–F) Mixed gray-white matter (type I) lesion (asterisk), which is seen on
both 3D DIR and 3D FLAIR images. However, the gray matter border (arrowheads in E) is often easier identified on 3D DIR
(E) as compared to 3D FLAIR (F). (G–I) Subpial (type III) cortical lesions (indicated by thin line in G and arrowheads in H and I)
are slightly more conspicuous on 3D DIR (H) than on 3D FLAIR (I). (J–L) Mixed gray-white matter (type I) lesion (asterisks).
Arrowhead in J–L: an intracortical lesion, which was prospectively scored on 3D DIR (K) and only retrospectively (i.e., with
knowledge of histopathology) on 3D FLAIR (L).
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II–IV), 23 mixed WM-GM lesions (type I), and 13
deep GM lesions. Prospectively, we were able to de-
tect 35 of the in total 198 CLs with 3D DIR MRI.
As such, the sensitivity of 3D DIR for CL detection
was 18%, which is 1.6-fold higher than the sensitiv-
ity of 3D FLAIR. Retrospective scoring improved
the sensitivity of 3D DIR for CL detection to 37%,
which is 2.0-fold higher than 3D FLAIR. The patho-
logic specificity for 3D DIR was 90% and for 3D
FLAIR 81%. Those scored hyperintensities that
were discarded as a GM lesion after comparison
with histopathology (i.e., false-positives) later ap-
peared to be explained by either sulci with blood
and fluid that had been misinterpreted for superfi-
cial lesions in the prospective scoring or by juxta-
cortical lesions that had been mistaken for type I
(mixed WM-GM) lesions.
The advantage of 3D DIR compared to 3D
FLAIR was most evident for the purely intracortical
lesions (type II–III–IV lesions; see panels H, I, K,
and L of figure 1), showing a gain of 129% in the
prospective scoring (i.e., 9 lesions more), which in-
creased to 240% (i.e., 36 lesions more) in the retro-
spective scoring. Note that although the sensitivity
for detecting intracortical lesions is enlarged with 3D
DIR compared to 3D FLAIR, the majority of the
CLs are still missed (figure 2). Mixed (type I) lesions
were detected with a slightly higher sensitivity using
3D DIR (83% sensitivity) when compared to 3D
FLAIR (65% sensitivity) in the prospective rating,
and reached almost equal numbers for 3D DIR and
3D FLAIR in the retrospective scoring (96% sensi-
tivity with 3D DIR vs 91% with 3D FLAIR). In
terms of both prospective and retrospective detection
of deep GM lesions, 3D DIR showed similar sensi-
tivity compared to 3D FLAIR, confirming previous
in vivo results.27
DISCUSSION Postmortem verification of 3D DIR
hyperintensities in the GM of patients with MS has
long been unavailable. In the current study, we dem-
onstrated that although 3D DIR does not detect
most GM lesions (especially not purely intracortical
lesions), it has excellent pathologic specificity and
higher sensitivity compared to 3D FLAIR (i.e., a rel-
ative gain of 3D DIR over 3D FLAIR in the detec-
tion of purely intracortical lesions of up to 240%).
Naturally, the scoring criteria and the images used
to define lesions in the GM influence the eventual
number of scored lesions. Hence, the results of the
present study are especially true for the 3D DIR pro-
tocol and the scoring criteria used here. However, for
CL identification in the current study, we followed
recently proposed CL scoring guidelines of an inter-
national panel of experts.24 Hyperintensities were not
excessively scored as CLs, as is proven, e.g., by the
low number of false-positive scorings (reflected in
high specificity) in our study. The apparent distinc-
tion in CL numbers scored prospectively and retro-
spectively also shows that our scoring was
conservative. Prospectively, especially type II intra-
cortical and type III subpial lesions were missed
(92% and 93%, respectively), and a considerable
portion (more than 2 thirds) of all intracortical le-
sions were still missed when scored retrospectively.
To explain why some CLs are better visible than
others, it is important to understand which specific
properties of CLs determine their contrast and there-
fore their relative (in)visibility on MRI. Several fac-
tors are known to be responsible for the low contrast
between CLs and surrounding GM, including the
generally noninflammatory characteristics of cortical
lesions (i.e., no complement deposition, gliosis, or
blood–brain barrier disruption), the intrinsically low
myelin density in the upper cortical layers, and the
small size of CLs.30–33 The 3D DIR and 3D FLAIR
sequences that were used for the current postmortem
study are also used in vivo, and image contrasts are
comparable. However, a difficulty in the postmor-
tem setting is that additional artifacts caused by
blood and water in the sulci may hamper CL detec-
tion. As such, it might well be that the sensitivity of
3D DIR and 3D FLAIR for detecting CLs is slightly
higher in the in vivo setting, where these artifactually
high signal intensities are adequately suppressed by
the inversion pulses. However, the current results
cannot lend sufficient force to this expectation.
Unfortunately, as a result of the consensus ap-
proach for scoring of CLs that was adopted in this
study, an interrater consistency score could not be
provided. Furthermore, as sequential imaging on the
2 scanner systems used in this study was not possible
due to time constraints and for reasons of decaying
Table 2 Comparison of gray matter lesion scores between 3DDIR and 3D
FLAIR, and PLP-stained tissue sectionsa
Histopathology
Prospective
ratingMRI
Retrospective
ratingMRI
Lesion type Lesion count 3D FLAIR 3DDIR 3D FLAIR 3DDIR
I 23 15 (65.2) 19 (82.6) 21 (91.3) 22 (95.7)
II 61 5 (8.2) 5 (8.2) 6 (9.8) 10 (16.4)
III 103 0 (0) 7 (6.8) 6 (5.8) 34 (33.0)
IV 11 2 (18.2) 4 (36.4) 3 (27.3) 7 (63.6)
II–IV 175 7 (4) 16 (9.1) 15 (8.6) 51 (29.1)
DGM 13 1 (7.7) 1 (7.7) 5 (38.5) 4 (30.8)
Total 211 23 (10.9) 36 (17.1) 41 (19.4) 77 (36.5)
Abbreviations: DGM  deep gray matter; DIR  double inversion recovery; FLAIR  fluid-
attenuated inversion recovery; PLP proteolipid protein.
a Numbers in parentheses indicate the percentage of MRI-detected lesions as compared to
histopathology (i.e., the pathologic sensitivity).
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tissue quality, putative effects of the different scanner
types on the numbers of detected CLs were not ex-
plored. These issues should be regarded as limitations
of the current work, and will need to be investigated
in future studies. Ongoing and future imaging of pa-
tients with MS at higher magnetic field strengths
may further increase the sensitivity for the detection
of GM lesions.34 This has already been shown by in
vivo studies using 3D DIR MRI at 3 T27 and T2*-
weighted imaging at 7 T.35,36 However, whether im-
aging techniques at higher magnetic field strengths
also show high(er) pathologic specificity remains to
be determined. With 3D DIR being increasingly
used for CL detection in MS, and consensus recom-
mendations24 and postmortem verification of this
technique now being available, the need for a stan-
dardized acquisition protocol also becomes more
pressing, as comparison of CL scores between centers
will otherwise remain difficult.
The current postmortem study is the first to verify
CLs as scored on 3D DIR in the postmortem setting,
by direct comparison to histopathology. It was
shown that single-slab 3D DIR has excellent patho-
logic specificity and a higher sensitivity than 3D
FLAIR in detecting CLs in patients with MS. The
latter confirms previous in vivo data.16 These find-
ings now further establish the usefulness of 3D DIR
for the MS clinical and research setting, and may be
used to further fine-tune the discussion revolving
around the imaging of CLs. Specifically, other MRI
techniques (e.g., T1-based, phase-sensitive inversion
recovery techniques) may now be further investi-
gated to determine their sensitivity for CL detection
in MS relative to 3D DIR, and future protocols
might also explore the added value of combining se-
quences to optimally visualize lesions in the GM of
patients with MS.
AUTHOR CONTRIBUTIONS
A. Seewann: data collection, study design, and writing the paper. E.-J.
Kooi: data collection, study design, and writing the paper. S.D. Roosend-
aal: data collection and study design. P.J.W. Pouwels: study design, intel-
lectual contributions, and writing the paper. M.P. Wattjes: study design,
intellectual contributions, and writing the paper. P. van der Valk: study
design, intellectual contributions, and writing the paper. F. Barkhof:
Figure 2 Two examples of cortical lesions (CLs) that were not scored on 3D double inversion recovery (DIR)
and 3D fluid-attenuated inversion recovery (FLAIR) in the prospective scorings and were also
not discriminated in the retrospective phase for different reasons
(A, D) Proteolipid protein (PLP) stained tissue sections. (B, E) postmortem 3D DIR images corresponding with the tissue
sections. (C, F) Corresponding 3D FLAIR images. (A) PLP staining indicates an extensive subpial (type III) CL involving the
superficial layers of the cerebral cortex (arrowheads); (B) corresponding 3D DIR image indicates a hyperintense area in the
cortex (arrowhead) that was not scored as a lesion due to nuisance of the high (artifactual) signal produced by fluid in
the sulcus (see also figure 1, A through C, and text). (D) PLP-stained tissue section showing an extensive subpial CL, in some
areas affecting all layers of the cerebral cortex; despite this extensive demyelination, the lesion was not scored on the MRI
(E, F) during prospective and retrospective scorings, because the subtly increased signal intensity on both 3D DIR and 3D
FLAIR throughout the entire cortex (indicated by arrowheads)made the distinction between the signal of the lesion and that
of normal cortex nearly impossible. White matter lesions were always readily visible on both MRI sequences (asterisks).
306 Neurology 78 January 31, 2012
study design, intellectual contributions, and writing the paper. C.H. Pol-
man: study design, intellectual contributions, and writing the paper.
J.J.G. Geurts: data collection, study design, and writing the paper, guar-
antor of study.
ACKNOWLEDGMENT
The authors thank the Netherlands Brain Bank (Dr. I. Huitinga) and the
autopsy team of the MS Center Amsterdam for providing the high-quality
brain material with ultrashort postmortem delay, as well as the postmor-
tem MRI data used for this study; and Dr. Jeroen Belie¨n (Department of
Pathology, VU University Medical Center), who expertly digitized tissue
sections for image analysis.
DISCLOSURE
Dr. Seewann reports no disclosures. E.-J. Kooi receives research support
from the Dutch MS Research Foundation. Dr. Roosendaal receives re-
search support from the MS Research Foundation. Dr. Pouwels reports
no disclosures. Dr. Wattjes serves on the speakers’ bureaus of and has
received speaker honoraria from Bayer Schering Pharma, Janssen, and
Biogen Idec. Dr. van der Valk reports no disclosures. Dr. Barkhof serves
on scientific advisory boards for Lundbeck Inc., Bayer Schering Pharma,
sanofi-aventis, UCB, Novartis, Biogen Idec, BioMS Medical, Merck Se-
rono, and GE Healthcare; serves on the editorial boards of Brain, the
Journal of Neurology, Neurosurgery and Psychiatry, European Radiology, the
Journal of Neurology, and Neuroradiology; has received speaker honoraria
from Novartis, Merck Serono, and BioClinica; serves as a consultant for
sanofi-aventis, UCB, Novartis, Biogen Idec, BioMS Medical, Medici-
nova, Inc., and GE Healthcare; and receives research support from the
Dutch MS Research Foundation. Dr. Polman serves on scientific advisory
boards for and has received funding for travel and speaker honoraria from
Actelion Pharmaceuticals Ltd, Biogen Idec, Bayer Schering Pharma,
GlaxoSmithKline, Teva Pharmaceutical Industries Ltd., Merck Serono,
Novartis, and UCB, Roche; serves on the editorial boards of Lancet Neu-
rology and Multiple Sclerosis; and receives research support from Biogen
Idec, Merck Serono, Novartis, UCB, European Community Brussels, and
MS Research Foundation Netherlands. Dr. Geurts serves on scientific
advisory boards for the Dutch MS Research Foundation and Merck Serono,
and serves on the editorial board ofMS International. He has received speaker
honoraria fromMerck Serono, Biogen Idec, and Teva Pharmaceuticals.
Received April 12, 2011. Accepted in final form August 3, 2011.
REFERENCES
1. Feinstein A, Roy P, Lobaugh N, Feinstein K, O’Connor P,
Black S. Structural brain abnormalities in multiple sclero-
sis patients with major depression. Neurology 2004;62:
586–590.
2. Lazeron RH, Langdon DW, Filippi M, et al. Neuropsy-
chological impairment in multiple sclerosis patients: the
role of (juxta)cortical lesion on FLAIR. Mult Scler 2000;6:
280–285.
3. Moriarty DM, Blackshaw AJ, Talbot PR, et al. Memory
dysfunction in multiple sclerosis corresponds to juxtacorti-
cal lesion load on fast fluid-attenuated inversion-recovery
MR images. AJNR Am J Neuroradiol 1999;20:1956–
1962.
4. Roosendaal SD, Moraal B, Pouwels PJ, et al. Accumula-
tion of cortical lesions in MS: relation with cognitive im-
pairment. Mult Scler 2009;15:708–714.
5. Rovaris M, Filippi M, Minicucci L, et al. Cortical/subcor-
tical disease burden and cognitive impairment in patients
with multiple sclerosis. AJNR Am J Neuroradiol 2000;21:
402–408.
6. Kutzelnigg A, Lucchinetti CF, Stadelmann C, et al. Corti-
cal demyelination and diffuse white matter injury in mul-
tiple sclerosis. Brain 2005;128:2705–2712.
7. Geurts JJG, Bø L, Pouwels PJ, Castelijns JA, Polman CH,
Barkhof F. Cortical lesions in multiple sclerosis: combined
postmortemMR imaging and histopathology. AJNR Am J
Neuroradiol 2005;26:572–577.
8. Kidd D, Barkhof F, McConnell R, Algra PR, Allen IV,
Revesz T. Cortical lesions in multiple sclerosis. Brain
1999;122:17–26.
9. Bakshi R, Ariyaratana S, Benedict RH, Jacobs L. Fluid-
attenuated inversion recovery magnetic resonance imaging
detects cortical and juxtacortical multiple sclerosis lesions.
Arch Neurol 2001;58:742–748.
10. Gawne-Cain ML, O’Riordan JI, Thompson AJ, Moseley
IF, Miller DH. Multiple sclerosis lesion detection in the
brain: a comparison of fast fluid-attenuated inversion re-
covery and conventional T2-weighted dual spin echo.
Neurology 1997;49:364–370.
11. Sharma R, Narayana PA, Wolinsky JS. Grey matter abnor-
malities in multiple sclerosis: proton magnetic resonance
spectroscopic imaging. Mult Scler 2001;7:221–226.
12. Bedell BJ, Narayana PA. Implementation and evaluation
of a new pulse sequence for rapid acquisition of double
inversion recovery images for simultaneous suppression of
white matter and CSF. J Magn Reson Imaging 1998;8:
544–547.
13. Redpath TW, Smith FW. Technical note: use of a double
inversion recovery pulse sequence to image selectively grey
or white brain matter. Br J Radiol 1994;67:1258–1263.
14. Turetschek K, Wunderbaldinger P, Bankier AA, et al.
Double inversion recovery imaging of the brain: initial ex-
perience and comparison with fluid attenuated inversion
recovery imaging. Magn Reson Imaging 1998;16:127–
135.
15. Calabrese M, De Stefano N, Atzori M, et al. Detection of
cortical inflammatory lesions by double inversion recovery
magnetic resonance imaging in patients with multiple scle-
rosis. Arch Neurol 2007;64:1416–1422.
16. Geurts JJG, Pouwels PJ, Uitdehaag BM, Polman CH,
Barkhof F, Castelijns JA. Intracortical lesions in multiple
sclerosis: improved detection with 3D double inversion-
recovery MR imaging. Radiology 2005;236:254–260.
17. Calabrese M, Atzori M, Bernardi V, et al. Cortical atrophy
is relevant in multiple sclerosis at clinical onset. J Neurol
2007;254:1212–1220.
18. Calabrese M, Filippi M, Rovaris M, et al. Morphology and
evolution of cortical lesions in multiple sclerosis: a longitu-
dinal MRI study. Neuroimage 2008;42:1324–1328.
19. Calabrese M, De Stefano N, Atzori M, et al. Extensive
cortical inflammation is associated with epilepsy in multi-
ple sclerosis. J Neurol 2008;255:581–586.
20. Calabrese M, Agosta F, Rinaldi F, et al. Cortical lesions
and atrophy associated with cognitive impairment in
relapsing-remitting multiple sclerosis. Arch Neurol 2009;
66:1144–1150.
21. Calabrese M, Rocca MA, Atzori M, et al. A 3-year mag-
netic resonance imaging study of cortical lesions in relapse-
onset multiple sclerosis. Ann Neurol 2010;67:376–383.
22. Wattjes MP, Lutterbey GG, Gieseke J, et al. Double inver-
sion recovery brain imaging at 3T: diagnostic value in the
detection of multiple sclerosis lesions. AJNR Am J Neuro-
radiol 2007;28:54–59.
23. Pouwels PJ, Kuijer JP, Mugler JP, Guttmann CR, Barkhof
F. Human gray matter: feasibility of single-slab 3D double
inversion-recovery high-spatial-resolution MR imaging.
Radiology 2006;241:873–879.
Neurology 78 January 31, 2012 307
24. Geurts JJG, Roosendaal SD, Calabrese M, et al. Consensus
recommendations for MS cortical lesion scoring using
double inversion recovery MRI. Neurology 2011;76:418–
424.
25. Seewann A, Kooi EJ, Roosendaal SD, Barkhof F, van der
Valk P, Geurts JJG. Translating pathology in multiple
sclerosis: the combination of postmortem imaging, histo-
pathology and clinical findings. Acta Neurol Scand 2009;
119:349–355.
26. Moraal B, Roosendaal SD, Pouwels PJ, et al. Multi-
contrast, isotropic, single-slab 3DMR imaging in multiple
sclerosis. Eur Radiol 2008;18:2311–2320.
27. Simon B, Schmidt S, Lukas C, et al. Improved in vivo
detection of cortical lesions in multiple sclerosis using dou-
ble inversion recovery MR imaging at 3 Tesla. Eur Radiol
2010;20:1675–1683.
28. Bø L, Vedeler CA, Nyland HI, Trapp BD, Mork SJ. Sub-
pial demyelination in the cerebral cortex of multiple sclero-
sis patients. J Neuropathol Exp Neurol 2003;62:723–732.
29. Bø L, Geurts JJ, Ravid R, Barkhof F. Magnetic resonance
imaging as a tool to examine the neuropathology of multiple
sclerosis. Neuropathol Appl Neurobiol 2004;30:106–117.
30. Bø L, Vedeler CA, Nyland H, Trapp BD, Mork SJ. Intra-
cortical multiple sclerosis lesions are not associated with
increased lymphocyte infiltration. Mult Scler 2003;9:323–
331.
31. Brink BP, Veerhuis R, Breij EC, van der Valk P, Dijkstra
CD, Bø L. The pathology of multiple sclerosis is location-
dependent: no significant complement activation is de-
tected in purely cortical lesions. J Neuropathol Exp Neurol
2005;64:147–155.
32. Seewann A, Vrenken H, Kooi EJ, et al. Imaging the tip of
the iceberg: visualization of cortical lesions in multiple
sclerosis. Mult Scler Epub 2011 May 26.
33. van Horssen J, Brink BP, de Vries HE, van der Valk P, Bø
L. The blood-brain barrier in cortical multiple sclerosis
lesions. J Neuropathol Exp Neurol 2007;66:321–328.
34. Wattjes MP, Barkhof F. High field MRI in the diagnosis
of multiple sclerosis: high field-high yield? Neuroradiology
2009;51:279–292.
35. Hammond KE, Metcalf M, Carvajal L, et al. Quantitative
in vivo magnetic resonance imaging of multiple sclerosis at
7 Tesla with sensitivity to iron. Ann Neurol 2008;64:707–
713.
36. Mainero C, Benner T, Radding A, et al. In vivo imaging of
cortical pathology in multiple sclerosis using ultra-high
field MRI. Neurology 2009;73:941–948.
Save These Dates for AAN CME Opportunities!
Mark these dates on your calendar for exciting continuing education opportunities, where you can
catch up on the latest neurology information.
AAN Annual Meeting
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Get the Latest Drug Recalls and Warnings. Give the
Best Patient Care
The American Academy of Neurology and the Health Care Notification Network have teamed up
to offer AAN members a FREE service that delivers timely neurology-specific FDA-mandated
patient safety drug alerts directly to your e-mail inbox.
Don’t miss this opportunity to provide the best—and safest—possible care for your patients:
visit www.aan.com/view/FDAalerts.
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